In daily life, voluntary movements accompany the appropriate whole-body configurations and orientations in relation to the force of gravity. To produce skilled motor behavior, it is necessary to concurrently maintain an upright stance. There are two main aspects to postural control, namely, compensatory postural reaction by means of sensory feedback mechanisms, and anticipatory postural adjustments by means of feedforward mechanisms. The cerebellum has been suggested to be the brain region principally responsible for these postural control mechanisms. In this report, we review the effects of lesions of the cerebellum on postural control in human patients and in a mouse model of a human inherited disease.
Introduction
Many activities during daily life involve voluntary movements to accompany the appropriate whole-body configurations and orientations in relation to the direction of gravitational forces. For example, in goal-directed movements such as reaching for and manipulating objects or in walking and running, it is necessary to concurrently maintain an upright stance. These context and/or task dependent controls of posture critically contribute to the stability of the body and to the performance of motor skills. There are two main aspects to postural control, namely, compensatory postural reaction by means of sensory feedback mechanisms, and anticipatory postural adjustments (APAs) by means of feedforward mechanisms. In the former, unexpected perturbations may cause body sway and induce automatic postural reactions driven by visual, vestibular, and somatosensory information. Deficiencies in sensory feedback mechanisms critically affect the maintenance of static posture and dynamic equilibrium [1] [2] [3] [4] . In anticipatory postural reactions, the brain has a crucial role through its ability to learn and memorize various characteristics of the body. The human body is inherently unstable because of its small base of support, high center of mass, and redundancy in its multi-joint structure. Voluntary limb movements during bipedal stance can potentially cause adverse consequences. However, the brain is able to predict the potential consequences of voluntary movements and contribute to minimizing any possible forthcoming disturbance 5, 6) . The cerebellum is involved in the control of a range of motor behaviors during limb and eye movements, and in posture and locomotion. Most of the evidence of the function of the cerebellum in humans comes from patients with cerebellar damage who display balance abnormalities and gait ataxia. In the present review, the effects of lesions of the cerebellum on postural control are looked at. The first part is devoted to specific aspects of pathophysiological studies of postural control in human patients. The second part focuses on deficiencies in APAs in human patients and in a mouse model of a human inherited disease.
Pathophysiological features in postural deficiencies
The most characteristic clinical signs of cerebellar damage are gait ataxia and impairment of posture. Damage to the cerebellum, such as through focal cerebellar stroke, cerebellar tumors or degenerative disease, can result in increased body sway during quiet standing [7] [8] [9] [10] . Mauritz and colleagues 7) showed that the direction of center of pressure (COP) movements depend on which area of the cerebellum is affected by the lesion. Thus, patients with atrophy of the anterior lobe show increased COP movement in an anterior-posterior direction, whereas patients with lesions to the flocculonodular lobe, which receives dense input from vestibular afferents and projects to the vestibular nuclei, show an increase in multidirectional movements. Abnormalities in trunk sway during quiet standing have also been measured using a device comprised of two angular-velocity transducers mounted on the Correspondence: dai-y@idaten.c.u-tokyo.ac.jp lower back. Van de Warrenburg et al. 9) found significantly larger trunk angle displacements and angular velocities in pitch (anterior-posterior) and roll (medial-lateral) planes in patients with cerebellar damage compared to control subjects. In particular, increases in trunk sway were more pronounced in the pitch plane compared to the roll plane, suggesting that the abnormality might be ascribed to atrophy of the anterior lobes in the cerebellar vermis.
Both unexpected and expected (predictable) perturbations to stance can cause postural reactions. Patients with cerebellar damage respond to forward postural sway, induced by a backward surface displacement, through exaggerated postural responses including overshooting the original posture; these responses involve excessive activity of the antagonistic muscles 11) . Examination of the ability of cerebellar patients to adapt to predictable postural perturbations showed that they were not able to scale their initial responses to surface displacements of predictable amplitudes. By contrast, control subjects were able to adapt their initial responses to predictable perturbations 11) . These results indicate that hypermetria might result from impairment of feedforward mechanisms (as discussed later). In a study investigating postural reactions to repetitive perturbations, Kolb et al. compared the responses of cerebellar patients and healthy controls to a classical conditioning paradigm consisting of an auditory signal preceding an unconditioned stimulus of platform tilting 12) . The healthy control subjects established conditioned postural responses following the conditioning stimulus. However, cerebellar patients were unable to acquire conditioned postural reactions. Positron emission tomographic (PET) mapping showed that quiet bipedal standing caused greater activation of the anterior lobe of the cerebellum compared to lying in a supine position. Cerebral blood flow increased during standing on one foot 13) . These findings suggest that the cerebellum is involved in feedback mechanisms that critically affect the maintenance of static posture and postural dynamic equilibrium.
Cerebellar contributions to feedforward postural controls in human patients and in a mouse model
The brain can predict and compensate for upcoming internal perturbations that result from self-generated movements. Such APAs are important to many movements that occur daily, e.g., the raising of upper limbs during bipedal standing or in bimanual load-lifting actions. The cerebellum has been suggested to be the brain region principally responsible for APAs 14) . A computational modelling study postulated that APAs originate from the use of internal models by the brain as part of the limb motor control system 15) . There is some experimental evidence that supports this hypothesis. For example, in patients with cerebellar damage, the basic pattern of APAs is preserved when lifting or moving an object; however, abnormal timing of the adjustments and mismatched scaling of the grip force are evident [16] [17] [18] [19] . Likewise, Diedrichsen et al. obtained evidence for cerebellar involvement in self-produced actions. They performed a bimanual load-lifting study in which unloading of a virtual object from the postural hand was triggered by a button pressed by the other hand 20) . In healthy controls, the upward perturbation of the postural hand at unloading was initially similar to that when unloading was externally triggered; however, after repeated trials, the upward perturbation at self-unloading was significantly reduced. By contrast, patients with cerebellar damage failed to show any reduction in the upward perturbation even after repeated trials. These findings suggest that cerebellar patients are not able to develop APAs for a novel task involving bimanual coordination.
Cerebellar disorders are classified as sporadic or inherited 21, 22) . Recent advances in identifying the genetic basis of hereditary cerebellar ataxias 22, 23) have made it possible to produce mouse models for these diseases 24, 25) . Such mouse models have the potential for use in investigating the mechanisms of neuronal degeneration and for development of therapeutic strategies. Spinocerebellar ataxias are a type of cerebellar disease associated with an autosomal dominant pattern of inheritance. The most common type is spinocerebellar ataxia type 3 (SCA3), also known as Machado-Joseph disease (MJD) 23) . Recently, we generated a conditional transgenic mouse model with spinocerebellar ataxia type 3 (SCA3Tg mice); these mice have defective cerebellar Purkinje cells due to the induced expression of the Purkinje cell-specific L7 promoter 26) . Kinematic analyses and monitoring of electromyographic (EMG) activity during quadrupedal standing showed that SCA3Tg mice exhibit greater postural instability than wild-type mice. The mice were screened during a reaching task that required postural adjustments associated with voluntary self-initiated neck movements; this task required dorsiflexion of the neck of an unrestrained, standing mouse in order to raise its mouth to a tube attached to a water flask. Wild type and mutant mice showed a number of different responses during performance of this task. Thus, measured mouth trajectories varied more in SCA3Tg mice than wild-type mice; in addition, the lengths of time of the movements in SCA3Tg mice were greater than in wild-type mice. The root mean square values for displacement of the greater trochanter and the angular excursions of the hip, knee, and ankle joints were also significantly greater in SCA3Tg mice than wild-type mice. We recorded EMG activities in the neck, gastrocnemius (GA), tibialis anterior (TA), biceps femoris (BF), and vastus lateralis (VL) muscles, and analyzed the onset of EMG activities in the neck and hindlimb muscles of the two groups of mice. Normally, EMG activities in hindlimb muscles are synchronized with those in the neck, the agonists for movement of the head in this reaching task; however, in SCA3Tg mice, activities in the hindlimbs were markedly delayed compared to the neck. The reaching task required the mouse to sta-bilize its posture by muscle activity of its extremities and, at the same time, of the neck. This task therefore included APAs associated with voluntary movements in humans. These findings suggest that the deficits in APAs during the reaching task in SCA3Tg mice are caused by cerebellar degeneration.
Timmann and Horak demonstrated that postural adjustments during forward stepping in response to a backward moving support surface are preserved in cerebellar patients, although their reaction times are longer than normal; cerebellar patients also show delayed onset of TA muscles 27, 28) . Outputs from the cerebellar vermis modulate the activities of hindlimb muscles, via either brainstemdescending pathways (e.g., the vestibulospinal tract, reticulospinal tract, or rubrospinal tract) or thalamo-cortical pathways. Furthermore, recent anatomical studies suggest a pivotal role for the cerebellar vermis. In monkeys 29) and rats 30) , the cortical motor areas in the frontal cortex are densely interconnected with the cerebellar vermis, and it has been hypothesized that these cerebro-cerebellar projections are essential for the generation of APAs.
Overall, evidence from clinical studies and from mouse model studies indicates that the cerebellum has a critical role in the proper generation of APAs. Further studies will undoubtedly produce increased insights into the particular role of the cerebellum in postural control.
